The ultraviolet photodissociation of CS2: The S(1D2) channel J. Chem. Phys. 136, 044310 (2012) Evolution of metastable state molecules N2(A3 Σu+) in a nanosecond pulsed discharge: A particle-in-cell/Monte Carlo collisions simulation Phys. Plasmas 19, 013505 (2012) Quantum dynamics of proton migration in H2O dications: H2+ formation on ultrafast timescales J. Chem. Phys. 136, 024320 (2012) Electronic structure and bonding of HBeLi, HmgLi, and HCaLi in their bent equilibrium geometries J. Chem. Phys. 136, 024305 (2012) Additional information on J. Chem. Phys. The Ti 2 and Ti 2 + molecular systems have been studied through multireference variational and single reference coupled-cluster methods coupled with large basis sets. Potential energy curves have been constructed for 30 (Ti 2 ) and 2 (Ti 2 + ) states and the usual spectroscopic parameters have been extracted. The main feature of the potential curves is the existence of van der Waals minima (Ti 2 ) around 7 bohr irrespective of the molecular symmetry, and 4s 2 -4s 1 interactions (Ti 2 + ) around 6 bohr. Numerous avoided crossings lead to stronger covalent bonds emanating from 4s 1 -4s 1 atomic distributions. The X-state of the neutral species is formally a 3 g state with the first excited state lying within 1 kcal/mol. The removal of the symmetry defining e − leads to the X 2 g + state of Ti 2 + .
I. INTRODUCTION
The purpose of the present study is to paint a comprehensive picture on the electronic structure and bonding of the Ti 2 and Ti 2 + molecules. The severe computational and conceptual difficulties of the 3d-transition metal (M) containing compounds and, in particular, of the M 2 systems are well known (Refs. 1 and 2); but see also below.
The first experimental observation on Ti 2 was reported almost half a century ago by Kant and Strauss, 3 via a combination of Knudsen equilibrium effusion techniques with mass-spectrometric analysis at high temperatures. By assuming an electronic state of 1 symmetry, a bond distance twice the Pauling radius of Ti, 4 and a harmonic frequency 1.25 times the Debye frequency of the element (ω = 331 cm −1 ), an upper limit to the dissociation energy was obtained, D 0 0 < 52 kcal/mol. 3 Five years later, Kant and Lin 5 assuming as well a 1 ground state gave a new set of indirectly obtained experimental values: r 0 = 2.65 Å, ω = 288 cm −1 (using Badger's rule), and D 0 0 = 28.3 ± 4 or 32.8 ± 5 kcal/mol depending on the approach followed, i.e., the second or third law, respectively. By considering a 7 ( 7 ) ground state the third law D 0 0 value becomes 32.8 ± 5 (36.7 ± 5) kcal/mol. 5 Using resonance Raman spectroscopy in Ar matrices, Cossé et al. 6 reported the harmonic and anharmonic frequencies of Ti 2 , ω e = 407. 9 and ω e x e = 1.08 cm −1 . Bier et al. 7 recalculated the dissociation energy of Ti 2 by employing more accurate r e and ω e values using the experimental results of Ref. 3 . They obtained D 0 0 = 33.9, 48.4, or 24.2 kcal/mol depending on the approach used, i.e., the second-law, the third-law, or the Leroy-Bernstein method, respectively, a set of quite different values in conflict also with previously reported D 0 0 results; see also Ref. 8 . Through "mass-resolved resonant two photon ionization spectroscopy in a jet-cooled molecular beam (R2PI)," and assuming a calculations by Bauschlicher et al., 9 Doverstål et al. 10 were able to assign the observed rotational lines as the 0-0 band of the + ) result of 2.37 ± 0.07 eV measured by Armentrout and co-workers. 11 In 1991, Russon et al. 12 + , respectively, using quantitative basis sets. For most states we have constructed complete potential energy curves, reporting energetics and common spectroscopic parameters. It is proper to say at this point, however, that although this is the most extensive and systematic work on Ti 2 so far, our results cannot be deemed as satisfactory due to the egregious problems inherent in the 3d-M 2 transition metal dimers.
II. METHODOLOGY
The basis sets employed belong to the correlation consistent family by Balabanov and Peterson, 20 namely, the valence cc−pVQZ (=Qζ ) and the corresponding weighted core-valence sets of quadruple cardinality, cc−pwCVQZ (=CQζ ) both generally contracted to [8s7p5d3f2g1h] and [10s9p7d4f3g2h], respectively. For scalar relativistic Douglas-Kroll-Hess 21, 22 calculations, the cc−pVQZ−DK and cc−pwCVQZ−DK sets were used re-contracted according to Ref. 23 .
The calculational methods used are the MRCI (CASSCF + single + double replacements), ACPF (averaged coupled pair functional), 24 and RCCSD(T) (restricted coupled-cluster + single + double + perturbative connected triplets). 25 Core-valence (3s 2 3p 6 ) effects at the CI level were unfeasible due to the enormous ensuing spaces. The size of the valence (ic)MRCI expansions range from ∼4.5 × 10 6 (quintets) to 9.5 × 10 6 (triplets) configuration functions. Size nonextensivity errors estimated to be less than 10 mE h were accounted for through the Davidson (+Q) correction. 27 Four states + were also examined at the valence and core-valence (3s 2 3p 6 ) coupled-cluster level of theory, RCCSD(T)/Qζ , and C-RCCSD(T)/CQζ , respectively. Scalar relativity was taken into account through the second order Douglas−Kroll−Hess (DKH2) approximation. 21, 22 All calculations were performed by the MOLPRO program.
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III. THE COMPLEXITY OF THE Ti 2 MOLECULE
Although 3d-M 2 dimers are chemically "naïve" systems, that is, diatomic molecules with a rather small number of electrons, the combined orbital and spin angular momenta give rise to incredibly complex electronic molecular distributions defying all current computational methods. + , correlate diabatically to two excited a 5 F Ti atoms (vide infra).
IV. RESULTS AND DISCUSSION
A. Ti 2 Figure 1 is 24 (12 singlets, 6 triplets, The "messy" region between 7 and 5 b is the result of numerous avoided crossings of the repulsive part of the vdW PECs, with incoming strongly attractive PECs of the same symmetry emanating from higher channels; see Figure 1 .We turn now to the discussion of the first four states of Ti 2 . The diagram above suggests four bonds, two σ (1σ g , 2σ g ) and two π (1π x,u , 1π y,u ) . However, the two π (3d π −3d π ) and the one σ (3d z 2 − 3d z 2 ) singlet coupled distributions are energetically ineffective due to miniscule overlaps. In the X 3 g state the bonding can be represented with a similar vbL diagram, the difference being the transfer of a 3d z 2 − 3d z 2 (2σ g ) electron to a δ g distribution. This bonding similarity between the X 3 g and 1 1 g + states is reflected to the same bond distances and bond energies (Table I) .
X
Despite the extensive size of the present calculations our numerical results are not, in general, very satisfactory indicating the inherent difficulties of the 3d-M 2 systems.
At the valence level the MRCI+Q (ACPF) [RCCSD(T)]
bond length is r e = 2.009 (2.008) [1. 976] Å; including scalar relativity r e changes by δr e = 0.01 (0.01) [−0.01] Å, respectively. Calculating the correlation of the 3s 2 3p 6 subvalence electrons at the MRCI level was proved unfeasible due to the enormous size of the ensuing expansions. Core effects at the RCCSD(T) level (C−RCCSD(T)) decrease the bond length by δr e = 0.077 Å. Assuming transferability of core effects we obtain r e = 2.019 (MRCI−DKH2+Q) − 0.077 (δr e ) = 1.942 Å, identical to the experimental value (Table I) . At the C−RCCSD(T)−DKH2 level, however, r e is predicted shorter by 0.035 Å than the experimental value. Following the same reasoning, the dissociation energy with respect to the ground state atoms is estimated to be D + state becomes the ground state by ∼1 kcal/mol; see Table I .
The main equilibrium CASSCF configurations and Mulliken populations of the next two states are By uncoupling the two π u bonds and distributing the four electrons coupled into a quintet to the four singly occupied 1δ g and 1δ u orbitals, the 2 7 u + state is obtained, bound through a single σ (1σ g 2 ) bond. This bonding description is in complete conformity with the main equilibrium configurations and the population analysis given above.
There are no experimental results for the 2 15 are comparable with the present calculations; see Table I . 0.50
Higher states
The bonding of the X-state is captured by the following vbL diagram:
As in the X 3 g state of the neutral species, the bonding comprises of a strong σ bond (1σ g ∼ 4s+4s) a weak half σ bond (2σ g ∼ 3d σ +3d σ ), and two π (1π x,u , 1π y,u ) weak bonds. By moving the 2σ g single electron to a 3d δ orbital, the 2 g is formed some 5 kcal/mol above the X obtained through the RCCSD(T) method to the latter value we obtain D 0 0 = 59.1(58. 6 core effects at the CC level, the recommended bond distance is r e = r e (MRCI−DKH2+Q)+ δr e = 1.851-0.042 = 1.81 Å, as compared to 1.77 Å at the C−RCCSD(T)−DKH2 level. According to Table III the C−RCCSD(T)−DKH2 T e = 5.6 kcal/mol is in agreement with the MRCI−DKH2+Q value after the inclusion of the subvalence core effects at the CC level, T e = 13.3-7.1 = 6.2 kcal/mol.
V. FINAL REMARKS
Using MRCI and single reference CC methods combined with large basis sets, we have studied the electronic structure of Ti 2 and Ti 2 + . In particular, we have constructed (valence) MRCI+Q PECs for 30 (Ti 2 ) and 2 (Ti 2 + ) states, whereas for the lowest 4 states of Ti 2 and the 2 states of Ti 2 + , scalar relativistic and subvalence (3s 2 3p 6 ) core correlation effects have been taken into account. We have to confess, however, that although our calculations are the best and most systematic so far in the literature, the results cannot be deemed as satisfactory, in other words do not reflect our strenuous efforts put in this project. As already stated, the almost insurmountable computational and conceptual difficulties of the 3d−M 2 systems are due to the extremely dense manifold of the − states.
The ground state of Ti 2 was considered to be up to now, rather "traditionally," of the 3 g symmetry; the present calculations, although do not prove, suggest as well that this is very probably true. Recommended "best" theoretical bond distance and dissociation energy for the X Finally, in addition to the first four states of Ti 2 more thoroughly calculated, numerical results of quasi-quantitative accuracy for 26 higher states are also given. We believe that the present study is a step towards a better understanding of the electronic structure of Ti 2 , and of some use to the scientific community.
